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Europe is structured into B@gionghat includes all 27 Eembesstates
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LUT Energy System Transition Model

Demand rece m]'e pOI'tS

Electricity & Heat

PV | Bio / Waste Bio
q *
rooftop 1 PP & CHP Heaters
PV 1 Nuclear Fossil e —
fixed-tilted | ﬂ‘ PP Heaters T
PV single- | | Coal _ i | GBS
axis tracking | 1 PP & CHP~ N | |Heaters
o Ty | ICE B
Wind onshore PP & CHP -a- CSP
. i T I
Wind offshore M’l; [ n‘ PP & CHP Sohe Pt
Hydro Py UL AC Grid | link to report link to report
run-of-river HI‘ \ ST ACCELERATING THE EUROPEAN 9 POWERFUELS & L
Hydro dam Foe =
! : #, || - [ @*@)’ TRANSITION
TES P@©OWERFUELS
Geothermal o PHES Battery'A-CAES /\ : 2 - o
Energy/mass flows: « @
I]E_:llec:'l‘l(:lty Synthetic and ‘Bio
ea Gas and liquid fuels/chemidals |
Synthetic fuels/chemicals—— o anC e THeb et \
co, e S
s | e || =X L/ o |[ wand || nmnd (| - :
link to report  linkto report

Key features:
full hourly resolution, applied in glotmadal studies, comprising about 120 technologies
used for several major reports, in about 50 scientific studies, published on all levels, including Nature
strong consideration on all kinds of PoteeX (mobility, heat, fuels, chemicals, desalinated watgr, CO
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System OutlookEnergy Flows in 2020 O

Europe - 2020
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European Energy Transition Scenarios
REF, RE3040 and REZ)35

The Europeaenergy system is modelled for 3 distinctoenarios

A

Referencecenario (REFhe energy system across the EU continues with current market trends (
2030 with renewable energy contributing 40% of the final energy demand across the EU, rampi
efficiency in buildings by doubling current rateslaxidso RE by 205%habling GHG emissions reduct
of 5565% by 2030, ncvmpatible with the ambitious climate target of limiting temperature rise to
1.5 C.

Renewabl&nergy System2040scenario (RE2040)increased efforts are envisioned by all membe
states to drive the renewable energy share in final energy demand across 1@ &Uhto2040
ramping up efficiency in buildings by tripling current rates and enabling GHG emissions reductic
around 65% by 2030, which is compatible with the ambitious climate target of limiting temperatu
below 1.5C with zero emissions in 2040.

Renewable Energy Syste@035cenario (RE2035)with increased impetus the EU takes a global
leadership role in mitigating climate change and drives renewable energy share in final energy c
across the EU to around 60% in 2030 @neh by 203kamping up efficiency in buildings by four time
the current rates and enabling GHG emissions reduction of around 65% by 2030 and zero emis
2035, which is compatible with the ambitious climate target of limiting temperature rise to wel b
C. 100% renewable energy acrosgthezrsector in alEUcountries i?03Candtowards100%
renewabledy 2035
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LongtermDemand: Primary, Final, Electricity

Scenario Comparison
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Key insights:
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A Energy demand growth in the power, heat transport and industry s
is aggregated and linked to powertrain transformation and diffusior
conversion technologies.

A Comprehensive electrification is the underlying theme, which mass
increases overall energy efficiency to an even higher growth rate ir
provided energy services.

A Massivencreasen electricitygeneration requiredcaledby PV& wind

A Efficiency gains vary across the scenarios, with all the 3 scenarios
gaining aroun@442% in comparison to a low electrification demand
with an assumed busineas-usual growth with current levels.

A Increased electrification combined with high shares of renewables
more efficient than the current fossil fuels dominated esystpm.
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Costs and Investments
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Key insights:
A The total annual system costs are in the range<df600 0 b € t hr ¢
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_ 3000 R 00 transition period across the 3 scenarios, with theZRES scenario having the

2 2500 .REs:2035 least annual system costs in 2050, while the2BRESand REF scenarios hav

2 higher annual system costs in 2050

= 2000 A The RES035 scenario has a marginally higl@®Energthrough the
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s 1500 LCOEnergythrough the transition, with 15% loW€OEnergin 2050

¥y A Annual system costs indicate that pathways towards 100% renewables w

E 1000 require significant energy system costs, Wl®Energyemains close to

§ ~ current levels in 2050, expect in RBS5 scenario with some increase

s 500 A  Capital expenditures vary drastically across the 3 scenarios, rapid scaling

2 invest ments (about 32D3bGcernio)while reachir
0 2000 b€ and 1200 -P040 andRER scendi®s35 i 1

2020 2025 2030 2035 2040 2045 2050 A Rate of capital diffusion into renewable energy and sustainable technolog
Years decide the pace of the energy transition across Europe
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CQO Emissions
cenario Comparison
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Key insights:
A CQemissions decline in all the 3 scenarios, from over 350QiM&DQ0 to nearly zero by 2035 in theZRBS
scenario, nearly zero by 2040 in the-BRE® scenario and nearly zero by 2050 in the REF scenario (emissions fr
cement industry persist, can be mitigated with CCS/NCS solutions)

The remaining cumulative £&issions comprise around 31 Gt£@n 2020 to 2035 in the RIB35 scenario,
around 39 GtC@rom 2020 to 2040 in the RIBB0 scenario and 45 Gy@0Om 2020 to 2050 in the REF scenario
The presented 100% RE scenarios for the European energy system are compatible with the Paris Agreement
RES2035 scenario highlighting an accelerated pathway for achieving the ambitious target of limiting temperat
about 1.5C, while the REZ40 scenario shows a less ambitious pathway of achieVibgZ G target and the REF
scenario is at the less ambitious end of the Paris Agreement with over 48 G@xissions until 2050

A A deep defossilisation of the power, heat, transport and industry sectors across Europe is possible by 2035
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System Outlook Energy Flows in 2050
RES2040 ScenariePowerto-X Economy

Europe - RES-2040 2050
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Hourly Operation and Balancing
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Key insights:

Week of most renewables supply (spring) and least
renewables supply (winter)yisualised

A 100% renewableased and fully integrated energy
system in 2050 will function without fail every day of
year: Even in the dark winter days the region easily «
with energy demand

Key balancing components are electrolysers (Rower
H,to-Fuels) that convert electricity to hydrogen, whe
electricity is available, but drastically reduce their
utilisation in times of low electricatyailability
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Electrongo-Moleculess a major | outsig e scope i sy
piece ofPowerto-X Economy



Regional OutlookElectricity capacities and generation in 205
RES2040Scenario

Regional electricity capacities Regional electricity generation
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Key insights:
Ve

A Electricity generation is comprised of demand for the sectors power, heat, transport and indust

A Solar PV capacities are predominantly in the southern regions of Europe, while wind energy ca
are mainly in the northern regions of Europe with total electricity generation of 12,079 TWh in 2

A Solar PV generation is higher in the southern region, while wind energy generation is higher in
northern regions with better wind conditions throughout the year complementing idiffenesnt

Overall, solar PV and wind generate most of the electricity needed across Europe by 2050

Accelerating the European Renewable Energy Transition
Christian Breye§ christian.breyer@Iut.fi @ChristianOnRE
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RES2040Scenario

Regional OutlookHeat capacities and generation in 2050 (
4

Regional heat capacities Regional heat generation
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Key insights:
-

A Heat generation is comprised of demand for domestic hot watehesgatgindustrial process heat

A Heat pumps and electric heating capacities are predominantly in the southern regions of Europ
bioenergycapacities are mainly in the northesgionswith total heat generation of 4186 TWh in 205

A Heating demand across Europe transitions from heavily reliant on imported fossil gas towards |
pumps combined with electric heating and some shareshzidad heating

A Overall, heat pumps generate most of the heat needed across Europe by 2050 with higher effic

1 Accelerating the European Renewable Energy Transition
Christian Breye§ christian.breyer@Iut.fi @ChristianOnRE
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Regional OutlookElectricity grids and utilisation in 2050
RES2040Scenario

Annual imported and exported electricity Grid profile (2050)
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Key insights:
A Transmission grids play a vital role in enabling a highly electrified and integrated energy systen
Europe in 2050 with 1308 TWh of electricity traded across the different regions

A Northern, Central and Eastern regions emerge as net importers, while the Southern and Weste
are net exporters in 2050 for the R&&) scenario

A Grid utilisation remains high with a range €380 throughout the year and higher utilisation in the
winter months across Europe in 2050

14 Accelerating the European Renewable Energy Transition
Christian Breye§ christian.breyer@Iut.fi @ChristianOnRE
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Concrete numbers for achieving the set tar

Exemplarily figures for A7 for the RE3040 scenario:
A solar PVannual installation 3x

A wind onshoreannual installations 3x

A wind offshoreannual installations 15x

A per year1.3 millioresidential roof§1% of stock)
per year 104lcommercial and industr&fstems
per year 1000 standard 50 MWplants

per yeab0066000onshore turbines

per yeaabout 1000ffshore turbines

in 20400.40.5%0f EU area covered with PV

A
A
A
A
A
A in 20401.5%0of EU aregrosscovered with wime{ 0.015%6

1 Accelerating the European Renewable Energy Transition
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Summary

European energy transition needs to be accelerated by at least 10 years
absolute zer@Q emissions by 2035 would be required
efforts toachievezeroby 2035maybebeyond the European capabilities
Electrification is lowost and highly efficient
Solar and wind power are central for comprehensive electrification (direct, i
Solar P\{aboutc0% of supply) awdndpower(about 40%)
Hydrogen hype blocks the view on the real solutions
direct electrification
H-to-X for efuels and €hemicals: @mmonia, enethanol, &erosene jet fue

Powento-X Economy is THE core characteristic of the energy system

16 Accelerating the European Renewable Energy Transition
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Energy Mix
RES2040Scenario
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Key insights:
A Electricity generation grows rapidly up to 2040, with high levels of electrification across the different energylsect

heat generation declines steadily until 2050 after initial rise
A Solar PV supply increases from about 2000 TWh in 2030 to over 6500 TWh in 2050, becoming the main energy
A Wind energy increases to around 5000 TWh by 2040 and remains stable up to 2050, complementing solar PV
A Fossil fuels generation declines rapidly and is almost eliminated by 2035 in electricity and by 2040 in heat
A A share of over 3000 TWh of heat generation by 2050 comes from heat pumps and electric heating on district a

levels with some shares of electric and biorhased heating, while gas and dmeded heating are drastically reduced
A Heat is utilised for industrial processes, which is dominated by fossil fuels and supplied fully by renewable fuels
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Sectoral OutlookPower & Heat Installed Capacities
RES2040Scenario
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Key insights:

A In the RE®040 scenario, solar PV with over 5000 GW, wind with over 1000 GW along with 200 GW of hydro ar
energy constitutthe majority oinstalled capacities in 2050, with major ramping in 2035 to enable a rapid transitio

A Wind dominates in the initial periods and solar PV takes over as the lowest costing energy sources with massiv
installations from 2030 onwards, while fossil fuel capacities are redundant and exit the energy system through t
transition

A Heat pumps, electric heating, solar thermal and bidraasd heating constituéemajority othe installed capacities
during the transition, with a significant decrease in gas, oil adzhsedl| heating in this period

A From a fossil fuels dominated power & heat sector across Europe in 2020 to a solar PV, wind and heat pumps ¢
sector by 2040, with some hydropower and-based electricity and bioeneilggsed heat enabling the transition
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Energy Storage
RES2040Scenario O

I Heat I Heat
1800 || MM Electricity — 800 ||l Electricity

1600 - 700 |

1400 -
600

1200
500
1000

400
800 |

300
600

400 | 200 |

100

Heat storage output utilisation [TWh

200 -

Electricity storage output utilisation [TWhe|]

0
2020 2030 2040 2050 2020 2030 2040 2050
Years Years

* heat storage includes gas and thermal storage technolog

Key insights:

A Electricity and heat storage technologies play a vital role in t{OREScenario, mainly later in the
transition beyond 2030, complementing the high shares of renewables

A Electricity storage output grows substantially up to 2045 at around 185@&ifiWhinor shares of heat

to electricity through the transition

Heat storage grows through the transition to over 825i\2040 and decline thereafter, electricity to

heat contributing minor shares through the transition

>
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Sectoral OutlookPower & Heat Storage Output
RES2040Scenario
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Key insights:

1600

T T
I Gas (CH,) storage

Gas (Hz) storage

TES DH
B TES HT

1200 -
1000 -
800 -
600 -

400 -

500 - 7 200 -
]
— |
0 ‘ 0

4111 B

2020

2030 2040 2050
Years

A In the RE&040 scenario, V2G and prosumer batteries along with stored hydrogen contribute a major sh:
electricity storage output with over 3200 JiWI050, major ramping in 2035 to complement the significant

growth in renewables and electrification

> >

Pumped hydro energy storage contributes through the transition with minor shares
Gas storage contributes nearly 1150,J&%the heat storage output in 2045 covering predominantly season

demand, which is covered by fossil gas in the initial periods of the transition
A Thermal energy storage provides some shares of the heat storage output from 2030 onward, with arqun

in 2040 with some shares from hydrogen beyond 2035
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Sectoral Outlook Demand and Electrification of Heat
RES2040Scenario
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Key insights:

A

> D

>\

In the RE&040 scenario, final heat energy demand declines from around 5100 TWh/a in 2030 to around 4300
2050, driven by efficiency gains and massive electrification

Fossil fuel consumption in the heat sector is observed to decline through the transition from over 70% in 2020
2040, driven by electricity, electribiéged fuels and sustainable bioenergy

Fuels produced by renewable electricity and bioenergy contribute some shares of the final energy demand in -
Electrification of the heat sector creates an electricity demand of over 1269 20¥A, which declines to about 130(
TWh, by 2050 with increasing efficiency levels

Sustainable bioenergy supplies heat through the transition with nearly 30% in 2050, equivalent to current shar:
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Sectoral OutlookEnergy Demand and Electrification of Transpo
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RES2040Scenario

2020

2020

I Aviation freight
Aviation passenger
I Varine freight
| | Marine passenger
Rail freight

Rail passenger
Road freight
Road passenger

Electricity indirect e-liquids (FT)

I Electricity indirect e-methane
Electricity indirect e-hydrogen
Electricity direct - RE

4000

3500

3000

2500

Electricity demand for sustainable transport [TWhe|]

- 2000 -
| | 1500 '
N N .
1000 -
500 -
20l30 20I40 2[;50 20‘20 20I30 20I40 20‘50
Years Years
tiquid[uels(fossil) Key insights:
iquid fuels (FT) L . .
oy Liquid fuels (bio) A In the RE&040 scenario, final transport energy demand decreas
iR from around 5600 TWh/a in 2020 to under 3000 TWh/a by 2050,
Electricity direct by efficiency gains from electrification, predominantly in road
transport
A Fossil fuel consumption in transport is observed to decline throut
transition from over 90% in 2020 to zero by 2040
A Liquid fuels produced by renewable electricity contribute more tr
30% of the final energy demand in 2050
A Hydrogen constitutes more than 15% of the final energy demanc
\ , , 2050, with some shares of sustainable biofuels
2030 2040 2050 A Electrification of the transport sector creates an electricity demat

Years

over 4000 TWby 2050, massive demand for liquid fuels in 2050
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Sectoral Outlook TransporfinalEnergyCosts
RES2040Scenario
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« - * ET units produce naphtha asgmpduct, that is included in overall system costs but not in transport cost
Key insights: P P oy y P

A In the REQ040 scenario, total annual energy costs for transport are in the range &f@30b € t h
transition period with a decline from aroun
A Road transport forms a major share of the costs through the transition, beyond 2040 the aviation 1
costs increase up to 2050

The share of rail and marine mode costs remain steady through the transition

Annual system costs transit from being heavily dominated by fossil fuel costs in 2020 to a more di

share of costs across various technologies for electrifitg)e ehydrogen and sustainable biofuel
production by 2040
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Sectoral OutlookEnergyFuelsand Electricity Demand of Industry
RES2040Scenario
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Key insights:

A Chemicals industry requires the most energy input, ther
almost all for@ydrogen enabling the transition to
sustainable chemicals production

A Other industries of Steel, Cement and others have a
declining energy demand with electrification of processe

A Electricity evolves to be the main primary energy input, \
most electricity is required for hydrogen production, mail
for chemicals, but also for green steel and cement

A In the RE&040 scenario, a 100% renewaldsed industry
transition occurs by 2040

g T T T
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Supply of Fuels, Chemicals and, CO

RES2040Scenario ‘
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Key insights:

A efuel conversion technologies play a significant role in th@®EBSscenario and the supply sharesfoéls and e

chemicals increase significantly from 2035 onwards, with major shakéstioduigol and biomabssed energy along witl

some shares of&mmonia, hydrogen and Fischieopsch fuels supply up to 2050

Imports of duels kick in beyond 2030, peaking in 2040 and declining by 2050

On the contrary, supply shares of fossil fuels diminishes significantly through the transiaandjority othe supply in

2020 to reaching zero by 2040, overall increase in electrification drives down the consumption of all fuels

A CQplays a critical role in the production-fliels and €hemicals as a vital ingredient mainly from Direct Air Captur:
(DAC), however sustainable point sources could have a potential role in the short term until 2030

A COfrom DAC increases significantly from 2030 onwards, with more than 6ROBMIIEIIZA0 until 2050

Accelerating the European Renewable Energy Transition
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Sectoral OutlookPower & Hed&losts (
o

RES2040Scenario
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Key insights:
A IntheRER 040 scenari o, LCOE of the power sector de

around 40 €/ MWh -bogtreBedvable@s maily solar&wv&viangd | o w

LCOE is predominantly comprised of capex, as the share of fuel costs decline through the transition anc
opex remains stable

LCOH of the heat sector decreases through the
fuel costs are replaced by capex and opex

LCOH is predominantly comprised of capex in 2050 with some shares of opex, driven by heat pumps ar
heating installations and major supply-fafeds through the transition
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Costs and Investments
RES204(0Scenario TN
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— | Key insights:
2000 _3.'}32.?,‘5-cmm.ca.s A The total annual system cos
Water electrolysis . . .
5 1800 ‘=::oragegast" through the transition peri
orage nea - - -
1600 B CAGS distributed across the four major sectors of power, heat,
guuo Iy transport and industry, with a major share in the transport se
E 1200 || Nucleer up to more than 40% in 2050
$ 1000 e remewanegs; A LCOEnergdgecl i nes from nearly 6
S 800 T €/ MWh and is increasingly ¢
g 600 B P prosuvers costs continue to decline through the transition period
9 single-axis X .
O Py fced ke A Investments are well spread across a range of technologies
, E:"S!ESZ'JS.'IEE major investments in wind, PV, heat pumps and electric hea
’ along with duels conversion technologies up to 2050
2020 2030 2040 2050 4 . .
Years A The peak investments are ir
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CQO Emissions
RES2040Scenario -
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Key insights:
A In the RE®040 scenari@0, emissions are reduced from over 3500 MtCZD20 to zero by 2040 across all energy sectors

A\ Coal and gas in the power and heat sectors emit majority in the 2020s with rapid decline to zero by 2040

Road and aviation modes contribute around 1300 Mt®@20 and declines steadily to zero by 2040

Industry undergoes a significant shift from emitting about 909tMi@€ls zer@Q emissions by 2040, except some emissions
from limestone utilisation prevalent in 2050, which can be offset by natural carbon sinks or storage

> > >
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EfficiencyGains
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Reference Renewable Energy Systeg®40 Renewable Energy SysteB®35
Unit EED 2030 compared to 20IEED 2030 compared to 20
ref scenario ref scenario Key insights:
primary primary [ A In all the 3 scenarios, a tranS|t|9n leads to higher efficiency of th
energy 9% energy %  system compared to ref scenarios (EED), even though the FED
e T 0 @ - 13 072 10 048 ) hlgher Fharj 2020 scenario gstlmgte, the PED |s'S|gn|f|cantIy low
A Electrification leads to efficiency improvements in some areas at
REF TWh 11489 10587 11489 10587 additional energy demand in others, especially in transport and
RES2040  TWh 11240 10 580 11 240 10 580 chemical industry, mairfigr the production @fuels and e
RES2035 TWh 11 854 10 838 11 854 10 838 chemicals resulting in higher FED in R&35 scenario
REF % of el 52% 64% 88% 105% A Efficiency gains are challenging to visualise in terms of PED anc
but compared to the current energy system assumed to continue
RES2040 %ofref  51% 64% 86% 105% 2050, the efficiency gains are substantial: 34%2085% 40% (RES
RES2035 %ofref  54% 66% 91% 108% 2035) and 42% (REF) in 2050
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Regional OutloockElectricity storage capacities and generation in 2
RES2040 Scenario
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Key insights:

A

A

A
A

V2G, utiliyscale and prosumer batteries contribute a major share of the electricity storage capacities, with sc
shares of pumped hydro energy storage and compressed air energy storage by 2050 across Europe with 82
capacity and output of 2110 TWh in 2050

Storage capacities are much higher in the southern parts of Europe compared to the northern regions, predc
complementing solar PV generation

Batteries, both prosumers and lasgale, deliver the largest shares of output by 2050 across Europe

V2G and PHES contribute some shares across the regions of Europe

Accelerating the European Renewable Energy Transition
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Regional OutlookElectrolysers,-&uels, echemicals and imports in 2C (
RES2040Scenario -d
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a KR 0 C-
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Key insights:

A Electrolysers play a vital role in meeting the hydrogen demand across Europe with major capacities it
and southern regions of Europe in 2050

The total supply of fuels and chemicals including imports are 6574 TWh in 2050 across Europe
Central, western and southern regions of Europe emerge as the production-fudds ahd e&hemicals, that
play a critical role in the transition particularly in the transport and industry sectors

A Europecan transition from heavily reliant on imported fossil fuels to locally produced green fuels by 2C
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Solar PV Share in 100% RE Studies for Eu

. JPED and electricity supply of Solar PV and Wind in 2050 Key insights:
1 . * TPED 1 .
journal articles A 2 main groups:

90 Electricity| A high PV & wind: more PV
_ A high PV & wind: more wind
Sl A PV & wind electricity share >80% standard
S 70 N APV &wind TPED share is85§586 range
A AN | APV sharearound3040% by 205tandard for Europ
§ NG A Victoria et ahot in diagram (exact numbers missin
5 SO e | but5060% PV share
e Lol o Picer L | AThis researcfinds61-63% PV share
T C ol e A Reasons for PV shares >50%
z 307 H.Ltd. 7 A lowcost of PV & batteriesefectrolysers
20! A high levels of electrification

A high levels oPtX PV benefits strongly from biffering
A Difference between 50% and 60% PV share

o - | N A PV differentiation: PV prosumers (RES, COM, IND), f
0 10 20 30 40 50 60 70 80 90 100 and laxis plants

Solar PV penetration (%) A independenbptimisatiorof PV options

A Major reports for public discourse document lack-td-date knowledge of consultants
A McKinsey (20% PV share in 2050), DNV (15%), Navigant (14%); IEA WEO SDS (13%) NZE without region:
A lack of ambition: no 100% RE scenario known, much fossil CCS and nuclear, low levels of electrification
A oversimplified models: low temporal and spatial resolution, noptiosisation low levels oPtXand sector coupling
A cost assumptions used often violate market trends (too high renewables cost, too low CCS & nuclear costs)
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Breyer/Bogdanov et al.

in part by the Academy
ty Research Platform

m Jacobson et al.

into a prominent research field encompassing an expansive and grow
ganizations across the world. The main conclusion of most of th
worldwide at low cost. Advanced concepts and methods now
s cost- or resource-oplimized and efficient transition pathways o a future without the use of fossil fuels.
Such proposed pathways in turn, have helped spur 100% renewable energy policy targets and actions, I
10 more research. In most transition pathways, solar energy and wind po
centralpillars of a suslainble energy system combined with energy efficiency measures.
modeling and greater resource availability tend o lead o highe
energy supply ‘diversification tends to point to
on arding

Ty sector couplin
g en-to-X., and the inclusion of natural and technical
carbon dioxide removal |C])k. approaches. The result s a holistic vision of the transition towards 2 net-
negative greenhouse gas emissions economy that can limit global warming to 1.5°C with a clearly defined
carbon budget in a sustainable and cost-effective manner based on 100% renewable energy-indusiry-CDR
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Greiner/Brown/Victoria et al.
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From top to bottom:
development of
Aauthors in the field
Aarticles published
Acitations received

2000
1800
Lund/Mathiesen/@stergaard et al.
/“ 1600
DLR/Teske v
/’ 1400
others / 1200
1000
800
600
.
T 400
o .
4 $ 200
) . - = 3 H 2
— v & s & = 0 . = —l 0
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
=o=Lund/Mathiesen et al. =s=Breyer et al. ®=Jacobson et al. =o=Greiner et al. *=DLR/NEXT Energy

Key insights:
A Research field is growing at high dynamics

Brown et al. Duic et al. Bremen v. et al.

DIW PIK =e=Blaker et al.

VIT Lenzen et al. Haas et al. o
Ma et al. others, three cats

A Entirely renewable systems research now established
A Three leading teams: Lund et al. (Aalborg, DK), Breyer et al. (LUT, Fl), Jacobson et al. (Stanford
A Internationabrganisationgre conservative in adoption of new insights|PCC, IEA, World Bank, etc

* RLI

=e=Sorensen et al.

Diesendorf et al.
MINES

Robinius et al. ®-—Johnsson et al.
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source: Breyer et al.,

2022. IEEE Access 10,-78718
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Lithium—a potentially limiting raw Material
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Key insights:

No consensus on the Lithium availability
Matching various supply and demand scenario
almost always leads to supply shortage (total
resource in 2060s/2070s, annual supply earlier
Circular economy is a must for Lithium
Lithium based batteries can carry the energy
transition far, but not fully
Alternative battery concepts needed, such on
Aluminiunor Magnesium basis
Extraction of Lithium from desalination brines n
contributen addition 150% of Lithium demand

BPS 3bn LDV LR BPS 3bn LDV V2G
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source: Greim, Solomon, Breyer et al., 2020. Nature Communications, 11, 457C

Lundaev, Solomon, Caldera, Breyer, 2022. Minerals Engineering, 185,
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LUT model in Comparison D
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and importantly builb sector e o o

: - High High Medium High
Coup“ng . [112] foresight | _ . _ ligh

eMix [121] fgfe’;f;;t Medium Medium High
. EPLANOptTP Perfgct Medium

Among models used for highly =~ __[119] __ foresight
renewable energy systems we are[i1s] i — ke
in lead together witnergyPLAN 114,117 | "MoP< il Hedim

Leading Energy System Models ranked by number of published journal articles. Some selected key functionalities of the leading ESMs are displayed, as they are regarded to be key for further progress in the field of 100%
RE system analyses. Selection criterion had been more than five articles detected for 100% RE system analyses. Citations comprise the Scopus recordings until early July 2021 for the total and the annual value for 2020.

Model articles  citations model used for 100% RE  inter-connected multi-node  Full hourly  multi-sector  Detailed industry  relevant CDR ~ optimi-sation  simu-lation  transi-tion  over-night
total 2020  earliest  latest

EnergyPLAN 73 6670 1031 2006 2021 yes ves yes no no no* yes no yes
LUT model 63 1983 649 2015 2021 yes ves yes Yes no yes yes yes yes
HOMER 22 1044 228 2007 2021 no yes no no no yes yes no yes
TIMES 19 601 137 2011 2021 no no yes yes no yes yes yes yes
AU model 16 1188 145 2010 2018 yes ves no no no ves yes no yes
PyPSA 16 440 169 2017 2021 yes ves yes no no yes no yes yes
GENeSYS-MOD 10 141 57 2017 2021 yes no yes no no yes no yes no
LOADMATCH 10 925 240 2015 2021 no yes yes no no no ves ves no
REMix 10 439 113 2016 2018 yes ves yes no no yes yes no yes
1SA model ] 126 43 2016 2020 no ves yes no no ves no no yes
NEMO 7 366 82 2012 2017 yes ves no no no yes no no yes
H-.RES 6 674 47 2004 2011 no yes yes no no no yes no yes
MESAP/PlaNet 6 207 48 2009 2021 no no yes no no no yes yes yes
others 292 9204 1694

total 550 24,600 4800

* EnergyPLAN itself is not able for optimisation, however, the EPLANopt [45] derivative allows optimisationsgQUrce:Lo pez, Brever et al. , 2022. Renew Sustain Enerqv Rev’ 1641
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